Storfjorden in winter is a site of active brine formation due to its recurrent polynya. The dense, brine-enriched waters fill the depressions of the fjord to its sill level and subsequently descend like a bottom gravity current, following the topography towards the shelf break. The brine formation and the overflow show strong interannual variability governed by both local factors, e.g., preconditioning, the rate of ice formation, and polynya location, and large-scale factors, e.g., Barents Sea winter ice cover and large-scale atmospheric circulation in the North Atlantic. An existing polynya and ice production model, making use of satellite images, wind data, and surface hydrography, is applied to winter 2002 and predicts large brine rejection in agreement with observations. Tuning factors for the polynya model obtained from 5 years of observations are used to extend the calculations to 33 years back in time. The ice production in 2002 is predicted to be 5.4 standard deviations away from the preceding 4 years' mean but still representative for the mean and variability of the decadal scale. The resulting strong overflow in 2002 is observed at densely spaced hydrographic stations located across its path. Significant entrainment is observed within the first 40 km of the path of the overflow, reducing the density anomaly of the overflow water by 0.18 and increasing the cross-sectional area by a factor of 2. The geostrophic shear is found to be partly responsible for the mixing. Farther downstream, entrainment is less significant. The geostrophic volume transport of the overflow water is approximately constant at ∼0.06 Sv, in agreement with earlier estimates. The model results combined with the field data provide a picture of the link between forcing, generation of the source conditions in the basin, and the corresponding overflow. 
INTRODUCTION
On the continental shelves of the Arctic Ocean, coastal polynyas which are formed and maintained by various processes, e.g., advection of ice by off-shore winds and currents, lead to rapid, persistent, and repetitive ice formation through intense heat-exchange between the ocean and the atmosphere. Brine rejection associated with this ice formation results in brine-enriched shelf waters (BSW), which can help to maintain the cold upper halocline in the Arctic Ocean [Aagaard et al., 1981] . Such dense shelf waters accumulate near the bottom and eventually spill towards the deep sea while they entrain ambient waters and change their temperature and salinity characteristics. According to Rudels and Quadfasel [1991] , shelf convection contributes about 0.5 Sv (1 Sv ≡ 10 6 m 3 s −1
) to the Arctic deep water and Cavalieri and Martin [1994] estimate 0.7-1.2 Sv of BSW produced by the entire Arctic coastal polynyas, both comparable to openocean convection in the Greenland Sea [Smethie et al., 1986] .
High-latitude overflows supply dense water masses to the world ocean, and are now widely accepted to be a major element of the large-scale ocean circulation. Overflows are bottom-intensified density currents and are typically much more energetic and dissipative than most other bottom currents [Price and Baringer, 1994] . Their relatively small spatial scales pose a central problem to ocean general circulation models. Such overflows can be better represented in large-scale ocean models when forcing, dynamics, and variability of exchange between marginal seas and the open ocean are understood through detailed process studies. Storfjorden (Figure 1) , one of the few areas in the Barents Sea where BSW has been frequently observed, is estimated to supply 5-10% of the newly formed dense waters of the Arctic Ocean. Observations in Storfjorden reveal that significant quantities of dense water originate in its recurrent polynya, particularly during northeasterly winds [see, e.g., Haarpaintner et al., 2001b] . Overflow of this dense water eventually sinks along Storfjordrenna and, if its density excess permits, down the continental slope into the deep Norwegian Sea and northward along the eastern slope of Fram Strait towards the Arctic Ocean, where it will appear as a positive heat anomaly due to entrainment of warmer ambient water along its path but still remain more saline than the surrounding waters [Schauer and Fahrbach, 1999] .
In April 2002, the highest-ever recorded bottom salinity was observed in the deepest pool of Storfjorden [Anderson et al., 2004] . Five months later, in September, the overflow of this source water was detected in the deep Fram Strait [Schauer et al., 2003] for the first time since the only incident reported in 1986 [Quadfasel et al., 1988] . Here, we apply our polynya model in an attempt to predict this large dense water production of the freezing period in 2002, and we evaluate its uniqueness with respect to long term variability conducting calculations back in time. The subsequent overflow and its mixing are further investigated by using hydrographical data acquired in August. The field data set consists of synthetic aperture radar (SAR) observations, nearby in situ meteorological data, and conventional CTD (conductivity, temperature, and depth) profiles. The outline of the work is as follows. In Section 2, a general description of the site, together with the dense-water production and overflow cycle, is presented. In Section 3 is introduced a summary of the model to estimate the ice production and brine formation. Results obtained for winter 2002 are reported and contrasted to those of earlier years. Subsequently in Section 4, we present observations of the overflow that originated in the freezing period of 2002. Discussion and conclusions are given in Section 5.
GENERAL DESCRIPTION

Site
Storfjorden, located in the southeastern Svalbard Archipelago, is approximately 190 km long and 190 m deep at its maximum depth. It is enclosed by Spitsbergen to the west and north, by Barentsøya and Edgeøya to the east, the shallow bank Storfjordbanken to the southeast, and a 120-m-deep sill at about 77°N in the south (Figure 1 ). The basin covers an area of about 13 × 10 3 km 2 with a volume of 8.5 × 10 11 m 3 [Skogseth, 2003] . South of the sill, the fjord opens to Storfjordrenna, which is separated from the main part of the Barents Sea by the shallow Svalbardbanken to the south and Hopenbanken to the east. Two sounds, Heleysundet in the north and Freemansundet in the northeast, connect the basin with the northwestern Barents Sea.
Dense-Water Production and Overflow Cycle
Convective water mass transformations in Storfjorden produce dense BSW, which has been reported to descend the continental slope into deeper layers in the Fram Strait [Quadfasel et al., 1988] . The cause of the high salinities is believed to be a recurrent coastal polynya situated on the leeside of Edgeøya and Barentsøya, where ice is removed by off-shore northeasterly winds, allowing for large ice production and brine rejection. The plume of BSW overflows the 120-m-deep sill as a bottom gravity current and descends south through Storfjordrenna towards the shelf break and northward along the eastern side of Fram Strait [Anderson et al., 1988; Quadfasel et al., 1988] . This path is supported by the numerical model results of Jungclaus et al. [1995] , which also suggest that another branch of the plume flows southwards, guided by the topography, into a deep trench.
The salinity of BSW, and hence the path of the overflow as well as the ultimate depth it will reach, shows strong interannual variability (Figure 2 ). This variability may be governed by the rate of ice formation and initial salinity of the underlying water, which mixes with the brine [Schauer, 1995] ; the stability of the water column [Skogseth, 2003] ; and the location of the polynya [Haarpaintner et al., 2001b] , which may lead to higher salinities over shallow and wide shelves. Links have been found to the ice export from the Arctic Ocean into the western Barents Sea and hence to the surface salinity variability in the northwestern Barents Sea [Maus, 2003] as well as to the Barents Sea winter ice cover and the large-scale atmospheric circulation in the North Atlantic [Skogseth, 2003] . Figure 2 shows a time series of the maximum observed salinity of BSW since 1981 [for data reference, see Skogseth, 2003] . The station positions of the observations presented in Figure 2 are typically close to the deep pools inside Storfjorden, which are indicated in Figure 1 . Due to missing observations in 1992 and 1994, data from moorings situated south of the sill are used. Because of mixing and entrainment in the overflow (see Section 4), the maximum salinity of BSW inside the basin is probably higher than those recorded by the moorings. The remaining observations were made between mid-April and early October. As shown later in Figure 8 , the accumulated salt release increases throughout the freezing period but flattens out from midApril. It is reasonable to assume that the salinity of BSW increases correspondingly. Therefore, April observations are representative of the BSW production throughout the freezing period. After the freezing period, the remnants of BSW in SKOGSETH ET AL. 3 Figure 2 . Time series of maximum salinity observed in the deepest part of Storfjorden. The April 2002 observation is from Anderson et al. [2004] ; for reference to other data, see Skogseth [2003] . the deepest layers in Storfjorden diffuse gradually due to mixing with overlying waters. Hence, the observations from late September and early October might give a lower than maximum BSW salinity for the respective years. Clearly, the temporal variability in observations influences the observed interannual variability in BSW salinity shown in Figure 2 .
A cartoon of the dense water production and overflow cycle in Storfjorden is presented in Figure 3 . With the onset of freezing, brine release due to ice formation produces BSW, particularly over the shelves, where polynyas allow for higher salinities. The densest water masses spill towards deeper depressions, gradually filling the basin, which increases the overall density and pushes overlying isopycnals above the sill level. A weak overflow is readily established provided that the water above the sill level is relatively denser than ambient water downstream of the sill ( Figure 3a) . As freezing continues, BSW accumulates in the basin reaching the sill level, and a strong steady overflow period is established when the overflow is compensated by transformation of inflow waters into BSW (Figure 3b ). The overflow may reach great depths depending on its salinity anomaly. The basin can be flushed 1-11 times [Skogseth, 2003] over each freezing period, depending on the intensity of brine production and the stability of the water column. The reported volume transport rates associated with the overflow can be summarized as follows. Schauer [1995] used hydrographic data and moored current meters sampling over a 1-year period in 1991/1992 to estimate a transport of 0.13 Sv of BSW during 5 months of active overflow and 0.05 Sv annually. Recently, Fer et al. [2003] investigated the mixing and spreading of the overflow during May 2001, using velocity and CTD profiles in the outer part of Storfjordrenna. The net volume transport out of a section close to the sill was estimated to be 0.06 Sv, which was nearly doubled in the farthest downstream section. Model results yield a transport of 0.11 Sv [Jungclaus et al., 1995] , comparable to the field observations. Combined results from long-term time-series observations of currents and hydrography suggest that during fall and winter near-bed currents and bottom stress can resuspend sediment in response to strong flows by surface cooling and winds [Sternberg et al., 2001] . The dynamics of sediment-laden plumes are not explicitly dependent on thermohaline properties [Fohrmann et al., 1998 ]. Such plumes propagate more rapidly, in ageostrophic balance, than a seawater plume driven by thermohaline anomalies alone. Upon reaching equilibrium density, suspended particles will be deposited, considerably reducing the density of the seawater and initiating upward convection in the water column. After the freezing period, BSW production in the summer ceases but the overflow continues, albeit gradually weakening, presumably in a geostrophically controlled fashion [ Figure 3c ; see also Skogseth, 2003] . Surface water consists of fresh melt water that is warmed by surface heating. Towards October, heat loss cools the surface layer. Dense water is trapped behind the sill, but strong wind events and seiching of the pycnocline may lead to episodic discharge (Figure 3d ). The remnants of BSW in deep pools diffuse by vertical mixing, thereby finally preconditioning the basin for the next freezing period.
Variability in potential temperature, θ, and salinity, S, characteristics in the vicinity of the shelf, pool, and sill are compared in Figure 4 for a weak overflow year (1999, solid lines) and an intense overflow year (2002, dashed lines) in April, summer, and October (see Section 3.2 for an interannual comparison with respect to ice production and brine flux). Data for 1999 are taken from the Storfjorden database [Maus, 2003] ; those for 2002 were collected during R/V Håkon Mosby cruises conducted in August and October. In April 2002 (not shown), CTD profiles taken from R/V Oden yield salinities between 34.8 (surface) and 35.8 (bottom) at the pool and between 34.75 (surface) and 35.7 (bottom) at the sill with temperatures at or near the freezing point [Anderson et al., 2004] . The inflow of Atlantic Water (AW) is more pronounced in summer 2002 than in 1999. This can be due partly to the location of the Polar Front and partly to stronger compensating inflow for the strong overflow in 2002. Furthermore, an examination of the time series of the Norwegian Atlantic Current since 1995 reveals stronger northward flow of AW in 2002 than in the previous years [Orvik and Skagseth, 2003 ]. This supports the pattern in Figure 4 . Brine release from ice aging and the admixture of dense shelf waters into less salty water en route to the deep pools establish the weak stratification observed in the pool region. Towards the summer, a fresh surface layer evolves from heating and melting, further enhancing the stratification. A weak isopycnal mixing with AW is apparent as a temperature maximum at middepth both in the shelf region and in the vicinity of the sill for the summer periods. The change in heat content over 75 days between October and August casts in 2002 yields 90 W m −2 heat gain, when integrated over the whole water column. The heat loss in the upper 50 m is 60 W m −2 , whereas 150 W m −2 is gained below 50 m from the inflow of waters of Atlantic origin. However, the shelf waters are typically at or near the freezing point before the freezing commences, typically around midNovember or early December [Skogseth, 2003] . The heat loss needed to bring the shelf waters to the freezing point over 30 days before freezing (after October) is typically >280 W m −2 (or >890 W m −2 to bring the whole water column to the freezing point). The required large heat loss suggests an inflow of colder water to meet the preconditioning after October. This change in inflow properties can be associated with the variable position of the Polar Front. In late autumn, wind direction becomes predominantly northerly and pushes the Polar Front further southwest in Storfjordrenna, leading to an increase in ice cover and a decrease in the AW inflow.
ICE PRODUCTION AND BRINE FORMATION
The Storfjorden "ice-factory" is investigated by using interpreted SAR images that define the mean polynya width, its standard deviation, and area, based on pack ice boundary.
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Figure 4. Potential temperature, θ, and salinity composite diagrams derived from smoothed data collected in the vicinity of (a) the shelf, (b) the pool, and (c) the sill for weak overflow (1999, solid lines) and strong overflow (2002, broken lines) . Data are presented for April (thick), July-August (black), and October (gray). Contours of σ θ are drawn at 0.5 kg m −3 intervals; the dotted line is the freezing point temperature. Dots in (b) mark the depth of sill level.
The polynya opens during northeasterly winds and can be partly covered by thin ice. Figure 5 shows a representative, manually classified SAR image of Storfjorden on 10 February 2002. The boundary between open water and thin ice is hard to detect and is therefore parameterized in the following. During winter 2002, a total number of 12 and 26 SAR images were available for ice classification and estimation of polynya width in Storfjorden, respectively. These numbers are similar to those for the previous winters [Skogseth, 2003] .
To study the Storfjorden polynya dynamics and to determine parameters to be used in more complete models, a simple wind-driven polynya width model has been formulated [Haarpaintner et al., 2001a] and re-implemented with slightly modified physics [Skogseth, 2003] . The model provides estimates of ice and BSW production based on satellite images, wind data, and limited information of surface hydrography. The polynya width, obtained from the model on the basis of wind data from a nearby weather station, is matched to the SAR observations. Then, the tuned polynya width model and an accompanying open water width model are used as basis for ice production estimates that include contributions from open water (frazil ice), thin ice, and fast and pack ice portions of the Storfjorden basin.
A comprehensive description of the model can be found in Skogseth [2003] ; for the sake of completeness, the model is briefly reviewed in the following section. New results from the freezing period 2002 are reported and contrasted with those from earlier years in Section 3.2.
Model
The model comprises a polynya width, W p , and an open water width, W o , algorithm. At time t = n, the polynya width is found by
where F(φ n − φ 0 ) is either an opening (OF) or closing (CF) factor (Table 1) depending on the actual wind direction, φ n (OF when −90°< φ n − φ 0 < 90°; CF otherwise). Here, φ 0 = −10°i s the preferred wind direction for opening of the Storfjorden polynya, B 1 = 0.02 is the ice drift factor in pack ice, U n is the wind speed, and ∆t = 6 h is the time step.
Open water width in the polynya is estimated by
In the polynya, the ice drift factor, B 2 , is increased to 0.04 to compensate for easier ice movement. The collection thickness, h c expressed in m, is calculated from the wind speed in m s −1 by
The frazil ice growth during ∆t, ∆h f , is found from the net heat exchange between open water and atmosphere. The latent heat of fusion of sea ice is based on the salinity of seawater and an immediate salt rejection of 69%. Growth of thin ice and fast and pack ice are derived from Stefan's law, assuming no snow on the thin ice. Thin ice is further governed by mass conservation inside the polynya. The volume of frazil ice produced at every time step is estimated from [2003] . Accordingly, the volume of continuously grown ice at every time step is estimated in the fast and pack ice area and the thin ice area that are not converted to open water.
The salt release from ice production during ∆t is
where ∆T ice is the mass of total ice production (frazil and continuous), and S 0 is the salinity, in mass fraction, of the surface water, which increases from observed autumn (S 01 ) to spring (S 02 ) surface salinity (Table 2) close to the deepest stations in Storfjorden (Figure 1 ). Here, P i = 0.69 is the fraction of salinity in the surface water that is immediately released when the ice forms and P a = 0.10 is the fraction of initial salinity that is released from ice aging [Haarpaintner et al., 2001a] . The ice aging is assumed to be rapid enough to occur before any ice export out of the region. From conservation of mass and salt, the volume of BSW during ∆t is given by
Here, ρ bsw is the density of BSW and its salinity, S bsw , is constant, equal to the observed BSW salinity at the end of each winter (Table 2) . Figure 6 shows the fraction of fast ice, pack ice, and polynya (open water and thin ice) areas derived from the manually classified SAR images of Storfjorden in winters 1998 to 2002. In winter 1998, the air temperatures were relatively low and a larger portion of Storfjorden was covered with fast ice. During the following winters, the fast ice area was smaller and polynya was observed to cover a larger area with longer duration. Winter 2002 seems to have had the most frequent polynya events with the largest area and longest duration.
Results
Observed and modeled polynya widths and corresponding φ 0 wind component during winter 2002 are shown in Figure 7 . The error bars show the variability in the SARderived widths at different locations along the polynya from shore to pack ice border ( Figure 5 ). when polynya closes more rapidly than it opens, the time derivative of the polynya width is large and negative (Figure 7) . Matching iteratively the polynya widths obtained from the model with those observed in SAR images gives the model-tuned values of OF and CF listed in Table 1 . For all periods, the best-fit CF is typically 10-20 times larger than the best-fit OF.
About 20% of the modeled polynya area consists of open water, which produces frazil ice that consolidates and forms thin ice. Table 2 lists the modeled mean polynya width, the average absolute deviation of modeled and observed polynya width, the fraction of modeled polynya area (open water and thin ice inside polynya), and the thickness of the accumulated frazil ice and fast and pack ice during the winters of 1998 to 2002. In accordance with observations ( Figure 6 ), winters 1998 and 2002 have the least and the most polynya activity, respectively.
The modeled spatial fraction and ice production of the different areas during each winter are listed in Table 3 . When the rafting and ridging parameterization is included, the total effective open water area roughly doubles. On average, the effective open water area occupies 10% of the Storfjorden area and accounts for about 60% of the ice production. The frazil ice production is equivalent to about 16 m y −1 , which is on average 12 times that of the accumulated fast and pack ice ( The accumulated total salt release, T s , in the Storfjorden basin is compared for winters 1998 to 2002 in Figure 8 . Strong wind events in the direction favoring polynya opening (vertical arrows) result in enhanced and persistent salt release. Winter 2002 contains polynya events that are more frequent and last longer than in the other years (horizontal arrows).
This results in significantly larger salt release, in particular for the polynya events in January and February. Note that in 2002, the mean wind speed and air temperature are moderate, 1.9 m s −1 and −12.6°C, respectively. The large amounts of ice formation and salt release are mainly due to the large OF (see Section 5) in addition to longer duration of strong winds in the favorable wind direction (Figure 7 ) and cold air outbreaks, which give rise to large net heat flux. During the three largest polynya events (Figure 7b) , the mean net heat fluxes are 357, 402, and 366 Wm −2 , respectively. The mean wind speed is greatly reduced by strong southwesterly winds during mid-November to mid-December, in the beginning of January, in mid-February and from the end of March to the end of April (Figure 7a ).
MIXING OF THE OVERFLOW
The downstream evolution of the Storfjorden overflow can be characterized by an initial decrease in salinity at the early parts of the overflow where it mixes with relatively fresh East Spitsbergen water (ESW, −1 ≤ θ ≤ 0.5°C; 34.8 ≤ S ≤ 34.9); this is followed by heat gain from warm AW of comparable salinity. Leaving the sill, the dense plume will descend downslope for presumably several Rossby radii until the rotational effects are well established. It will then follow the topography as a slab of dense water through a stratified background under the influences of gravity, Coriolis acceleration, and friction. The resulting force balance will determine the descent rate (vertical displacement per unit distance of its path).
Three representative sections, with approximately even downstream separation and each spanning both edges of the overflow plume, were selected from densely spaced hydrographic stations occupied by R/V Håkon Mosby during 3-15 August 2002 (for station locations, see Figure 1 ). The fine structure from the data set was used by Fer et al. [2004] to estimate vertical eddy diffusivity, K z , inferred from density overturns. Survey-averaged profiles showed enhanced mixing near the bottom in which K z = 10 × 10 −4 m 2 s −1 when averaged within the overflow. Here we will use the data to show that the geostrophic shear alone can be partly responsible for the observed levels of elevated mixing. We will further estimate the downstream development of the plume in terms of changes in density, cross-sectional area, geostrophic volume transport, and entrainment. SKOGSETH ET AL. 9 The 1-dbar-averaged CTD profiles defining a section are interpolated into a regular grid of 1-dbar bins vertically and 150 distance bins horizontally and smoothed over 6 data points. Isolines of potential density referenced to the surface (σ θ ) are shown in Figure 9 for the section along the sill (section A) and for some further downstream (sections B and C), reaching approximately 80 km. The reader is looking in the downstream direction with Spitsbergen on the right. In the following we will use the gridded data set to derive the averaged properties. The dense plume of overflow water can be identified as water with θ < 0°C and S > 34.8, yielding σ θ > 27.95 (marked by the thick isopycnal in Figure 9 ), consistent with Fer et al. [2003] . At section A, the bottom water is in excess of σ θ = 28.5. Because of the intense mixing with the ambient as the plume propagates, density exceeding 28.3 is no longer present at section B. However, the farthest downstream section C shows σ θ > 28.3 at its depression, which suggests evidence for episodes of denser overflow encountered before the survey, as noted by Fer et al. [2004] .
The dense remnants, when included in section-averaged properties, will yield unrealistic estimates of entrainment and plume density excess and can probably account for the observed increase in salinity en route at the core of the overflow during 2001 . In an attempt to define the extent of the active plume water forced by its negative buoyancy, we calculate the geostrophic velocity, U geo , derived from the hydrography referenced to an uneven levelof-no-motion following the top of the plume, i.e., σ θ = 27.95. In effect, we obtain the velocity of the plume relative to the ambient, which is the relevant velocity for entrainment parameterizations. The contours of U geo are shown in Figure 9 superimposed on the density field. In section B, where the tilted isopycnals are indicative of a geostrophically balanced overflow, U geo exceeds 15 cm s −1 . In the vicinity of the plume, where it is leaning on the sloping side, a 1 cm s −1 isoline appears to separate the "dynamically active" overflow from its adjacent remnant waters, as is particularly evident in section C (zero velocity isolines are not well-behaved for this purpose). Hence in the following we define the boundary of the plume as the 27.95 isopycnal emanating from the sloping side and limited by U geo = 1 cm s −1 when the thickness of the 27.95 isopycnal (the vertical distance between the isopycnal and the sea bottom) is greater than that of the U geo = 1 cm s
isoline. The plume can of course be in motion when this calculation gives zero velocity (or 1 cm s −1 , undistinguishable considering the associated uncertainty), but that would imply a barotropic motion. The recirculation at the deepest part of section C with the doming isopycnals can be interpreted as an anticyclonic closed cell and is indicative of previous episodes of high density overflows.
Assuming that the density anomaly of the overflow at the sill during spring was twice as large as in summer (see Section 2.2: Maximum salinity at the sill was 35.7 in April [Anderson et al., 2004] , compared with ∼35.4 in August, Figure 3c) , we can obtain an order of magnitude estimate of the time required to fill the cross-section area of O (10 6 ) m 2 of the remnants in section C. The maximum downslope flux per unit length of slope in a fully developed steady-state cascade is given by 0.36 V nof h E [Shapiro and Hill, 1997] . Here V nof = g′s/f is the Nof speed, i.e., the speed of along-isobath propagation in the absence of friction; h E = (2K/f) 1/2 is the Ekman depth; s is the mean bottom slope; and K is the vertical eddy viscosity. In August, average plume density at the sill, and the mean ambient density is 28.23 and 27.9, respectively (Figure 10a) , yielding a density anomaly of ∆ρ = 0.33. Using the mean slope of s ∼ 3 × 10 −3 , the corresponding values of V nof are 14 cm s −1 and 7 cm s −1 in April and August, respectively. Assuming that the survey-averaged vertical diffusivity within the plume equals the eddy viscosity, i.e., using the Reynolds analogy K = K z = 10 × 10 −4 m 2 s −1 , and f = 1.42 × 10 −4 s − , the Ekman thickness is 3.8 m, 1 , at 77°N. The downslope transport per unit length of the slope is then 0.18 m 2 s −1 and can fill the depression with remnants in about 2 months. It is also noteworthy that the thickness of the overflow is greater than 2h E at all sections (Figure 10b ) and according to Shapiro and Hill [2003] this leads to a "head-up" state; i.e., the steepest sloping isopycnals are on the upslope side of the plume. Our observations are in support of their results. In a stratified flow, the gradient Richardson number, Ri (Ri = N 2 /S 2 , where N is the buoyancy frequency and S is the vertical shear of the horizontal current), relates the mechanical turbulence-generating forces to the stabilizing density forces.
Miles [1961] and Howard [1961] independently showed that a necessary, but not sufficient, condition for shear instability in a steady stratified shear flow is Ri < 0.25, everywhere in the flow. Ri < 0.25 permits the growth of small-scale billows, SKOGSETH ET AL. 11 Figure 9 . Distribution of σ θ and geostrophic velocity U geo (white isolines) referenced to σ θ = 27.95 (thick black isoline) for sections A, B, and C. Contour intervals are 0.1 kg m −1 for σ θ and 5 cm s −1 for U geo . The thick white isoline is U geo = 1 cm s −1 (the zero-velocity contour is not shown). Solid contours indicate motion out of the section in the downstream direction. Upstream motion is distinguished by dashed contours. The circles in section B show the events with Ri < 1. Profiles are taken at the stations numbered, indicated by arrowheads over each panel. The 1-dbar-averaged values are interpolated into a regular grid of 1-dbar bins vertically and 150 distance bins horizontally and then smoothed over 6 data points. Bottom topography is derived from echo sounding after correcting for the sound velocity. Completing the survey including the three sections took 68 h; working each section typically took 7 h. which upon reaching sufficient amplitude collapse into turbulence [Thorpe, 1987] . The momentum and buoyancy is redistributed to produce a background field of higher Ri. A necessary and sufficient criterion for stability, on the other hand, is Ri > 1 [ Abarbanel et al., 1984] . Laboratory studies (Rohr et al. 1988 ) and numerical simulations [Itsweire et al., 1993] show evidence for turbulence in a decaying state, but still with elevated levels of dissipation, when Ri > 0.25. We have derived Ri from the geostrophic shear and the buoyancy frequency derived at 1-m vertical separations. The events with Ri < 1 are marked in Figure 9 (circles). This threshold includes active mixing events as well as decaying remnants of past mixing events. The absence of Ri < 1 does not necessarily imply absence of mixing, but raises the possibility of unresolved events by the vertical scale and the approach of this analysis. Low-Ri events are detected only in section B in the vicinity of the plume. This qualitatively agrees with the density-overturning events reported in Fer et al. [2004] , where sections A and C were observed to yield much lower numbers of events in the vicinity of the plume, compared with section B. Furthermore, the location of Ri < 1 events in section B compares favorably with the location of the overturning events. Unstable Ri events likely drive, and those due to geostrophic shear alone can partly account for, the observed enhanced mixing (between sections A and B) and reported elevated turbulent energy dissipation rates and vertical diffusivity.
The state of the overflow, i.e., whether the plume is an accelerating event or a steady flow, can be assessed by the simple model derived by , in which the values of the parameter R H ( = g′s/Lf 2 << 1) represent a steady state. Here L is a relevant horizontal length scale. Using ∆ρ = 0.33, s = 3 × 10 −3 and L = 80 km, the distance between the sill and section C, we obtain R H = 6 × 10 −3 << 1. Hence we expect the overflow to progress in a steady state and evaluate its downstream development by estimating its section-averaged σ θ , height, width, geostrophic volume transport, and bottom-depth density-weighted anomaly for each section. Integrations over the cross-sectional area, A (not to be confused with the area associated with the polynya model listed in Table 2 ), of the overflow water are constructed according to Girton and Sanford [2003] . We define A as the area bounded by the boundary determined with σ θ > 27.95, U geo = 1 cm s −1 , and the sea bottom. The sectionaveraged hydrographic properties σ θ , θ, and S are calculated by integrating the vertical average of the property in each (gridded) profile across the width of the plume by using the trapezoidal method. This yields the cross-sectional area,
where h is the thickness of the overflow, and (e.g.), the overflow density is ∫∫ area σ θ dzdx/A. The geostrophic volume transport is obtained as
where overbar denotes a layer mean for a single profile. The ambient water density is calculated as the mean within the 20 m above the plume. The density-anomaly-weighted bottom depth is
where d b is the bottom depth.
Results are summarized in Figure 10 . At early parts of the overflow, there is significant entrainment of the overlying water. The height of the plume increases by a factor of approximately 4 as the width slightly decreases during adjustment for the rotational effects, increasing the cross-sectional area by a factor of two. Entrainment alone can account for this increase. Section-averaged plume salinity and θ are 35.1 and −1°C for section A and 34.95 and −0.7°C for section B, respectively. This evolution is consistent with entrainment of an equal part of ambient ESW with S = 34.8 and θ = −0.4°C. Further downstream entrainment of almost equally saline AW is less significant. From section B to C, the mean temperature of the modified AW above the plume is 1°C, and the plume has to mix approximately at a rate of 5:1 to reach θ = −0.44°C, the value derived for section C. The nondimensional entrainment parameter, E, which is independent of velocity estimates, equals (h/∆ρ)d(σ θ )/dζ and is O(10 −3 ) between sections A and B and O(10 −4 ) between sections B and C. Here ζ is the distance along the path of the overflow. The width of the plume slightly increases as a result of the spread due to Ekman veering . The cross-sectional area of the plume increase by a factor of 1.5. The descent of the plume is nearly constant at a rate of 1.5 m km −1 (Figure 9d ). The geostrophic transport is nearly constant, ∼0.06 Sv out of sections B and C. This is equal to the volume flux of BSW derived over the freezing period in 2002 (Table 2 ) and agrees well with the values reported in the literature (Section 2.2). The transport through section A is severely underestimated because the geostrophic adjustment is not established until farther downstream, and the section average velocity is not representative. The mean downstream velocity recorded by a moored current meter ∼16 km downstream of the sill at 7 m above the bottom is 10 cm s −1 [Fer et al., 2004] . This location is approximately 4 Rossby radii farther from the sill and we can expect a quasi-geostrophic flow. Section-averaged U geo for section B, ∼24 km downstream of the mooring location, is 9 cm s −1 . This is comparable to the current meter average and we can use the geostrophic velocity as being representative of the plume speed at sections B and C with some confidence.
DISCUSSION AND CONCLUSIONS
In winter 2002, relatively saline source water and a stable water column (assuming that a large surface salinity difference between spring and preceding autumn indicates a stable water column) resulted in a moderate volume of BSW estimate, despite the maximum released mass of salt ( Table 2 ). The BSW salinity was the highest observed since 1981 and hence agrees with the modeled salt release. When compared with the four preceding winters, 2002 appears to be rather exceptional in polynya activity and corresponding ice production. The ice production (and salt release) in winter 2002 is about 1.7 standard deviations (SD) away from the 5-year 1998-2002 mean of 43.6 ± 9.7 km 3 (1099.0 [±248.1] × 10 9 kg), but 5.4 SD away from the 4-year 1998-2001 mean of 39.6 ± 3.8 km 3 (995.1 [±100.1] × 10 9 kg). For comparison, we made a 33-year time series of modeled total ice production, T ice , covering winters 1970 to 2002 (Figure 11 ) and using constant OF and CF (Table 1) derived from a best-fit for all the winters 1998 to 2001. The average T ice during this period is 39.9 ± 11.7 km 3 (±SD). Because T ice is almost linearly related to the estimated total salt release, T s , a similar fractional variability, 29%, can be estimated for T s . This suggests that the variability in the four preceding winters is smaller than the 33-year average (OF and CF as listed in Table 1 ), while the 5-year mean and variability of T s are representative for the longer-term.
The years with T ice exceeding the 33-year mean are 1971-72, 1976-79, 1981, 1986-88, 1995, 1997, 2000, and 2002 , which is consistent with the BSW salinities given in Figure 2 . An exception is the salinity observed in 1995; the sample to be measured was collected in mid-October, when BSW salinities are typically lower than those in the preceding spring. We note that one of the first instances when Storfjorden overflow could be followed down the continental slope into the Fram Strait was in 1986 [Quadfasel et al., 1988] , which appears as one of the five large ice production events in the modeled time series.
Using an open water fraction of a 1. 4 km 2 , the corresponding ice production is 57 km 3 , which is about a factor of two larger than that estimated in the 33-year time series (Figure 11 ). This discrepancy might be due to the use of constant OF and CF in the 33-year time series, where some winters are probably underestimated. The volume flux estimates of BSW (Table 2) are lower than 0.13 Sv (freezing period average) and 0.05 Sv (annual average), derived from moorings in winter 1992 [Schauer, 1995] . The mooring site is approximately 40 km downstream of the sill, and entrainment along the path of the overflow from the sill to the mooring site can account for the discrepancy between our typical volume flux estimates and those derived from moorings.
Ice production and BSW transport in Storfjorden can be compared to the values reported in the literature for other Arctic polynyas. On the mean, polynyas in Alaska and East Siberia produce an estimated ice volume of 690-850 km 3 [Cavalieri and Martin, 1994] . According to Cavalieri and Martin, coastal polynyas of the entire Arctic generate a mean annual brine flux of 0.7-1.2 Sv. Here, the estimated annual transports of BSW (Table 2) constitute about 3-6% of this. Winsor and Björk [2000] , on the other hand, found an annual ice production of 300 ± 30 km 3 in the Arctic polynyas and estimated the corresponding dense water flux to be 0.2 Sv. Then, the contribution of the Storfjorden polynya is 15-20%. For the Chukchi Shelf polynyas, model studies yield ice production of 61 km 3 and dense water production of 0.05 Sv, averaged over the winters 1978 -1998 [Winsor and Chapman, 2002 . Even though the mean ice production in Storfjorden is about 65% of that on Chukchi Shelf, the BSW flux is comparable.
The uncertainty in longer-term ice production estimates, i.e., in the 33-year time series, increases as a result of constant OF and CF. Ice production and salt release will be underestimated when the polynya opens faster and closes more slowly than assumed (need larger OF and smaller CF) and vice versa. Hence, the interannual variability in OF and CF should be included in the model to get a more reliable estimate of the variability in ice production. Ice conditions in the Barents Sea and atmospheric circulation in the North Atlantic vary interannually and influence the polynya activity in Storfjorden [Skogseth, 2003] . This is parameterized with the model-tuned OF and CF each winter. By using constant OF and CF in the 33-year time series, the effects of the variable local ice conditions and atmospheric circulation are neglected.
The variation in OF is limited and can be explained by the variability in blocking near the mouth of the fjord caused by heavy drift ice, including multi-year ice. Blocking during opening, enhanced drag due to increased roughness and form drag during closing, and different wind regimes can partly explain the large differences between OF and CF. However, the main cause of the difference is probably rapid compaction of thin ice during closing assisted by frazil ice growth, even for weak onshore winds. As observable by SAR imagery, this has the effect of converting thin ice in the polynya into ice with pack ice characteristics and the requirement of a high closing factor.
According to Tear et al. [2003] , two processes contribute to polynya closure: (1) Onshore drifting frazil ice continuously grows thermodynamically and piles up near the shore. This coastal boundary gradually moves offshore. (2) The consolidated ice region propagates towards the coastal boundary, which gradually expands due to piling up of frazil ice. In most of their parameter space, they find that a polynya closes faster than it opens, by a factor of 5 for two case studies north of Svalbard. They ascribe this asymmetry to initial frazil cover. Our best fit OF and CF for the winters 1998 to 2002 indicate that a polynya closes 10-20 times faster than it opens. The discrepancy between the two models can be explained by several fundamental differences. In Tear at al. [2003] , the ratio of consolidated to frazil ice velocity is <1; in this work, we set it to 0.5 (B 1 /B 2 ). Here, the ratio of ice velocities during opening and closing is variable, whereas Tear et al. [2003] use a fixed value. We apply a full surface heat budget instead of a ratio of surface heat fluxes. Furthermore, Tear et al. [2003] achieve a fraction of the steady-state polynya width, whereas the polynya width is variable in this work.
When rafting and ridging processes in thin ice inside the polynya and the leads in fast and pack ice are included, the total effective open water area doubles. Therefore, these processes, which can presently be included in the model in only a rather crude and ad-hoc way, are important for the total ice production. On average, the open water area occupies 10% of the Storfjorden area and accounts for about 60% of the ice production, which addresses the importance of physically acceptable representation of rafting and ridging. In winter 2002, the thin ice region was large because of the large polynya width and the relatively moderate open water width. This leads to a relatively large contribution of rafting and ridging to effective open water area compared with that in the previous years. Although this part of the model physics is still uncertain and subject to further research, its large contribution and the relatively good match with 2002 data suggest that the model would have performed poorly if this part were neglected.
Formulating theoretical models in terms of wind factors rather than ice velocities, which may vary largely, and modeling the pack ice boundary, which is more easily observed than frazil/thin ice boundary, can lead to easier comparison of observations. In future, fine-scale atmospheric model fields incorporating the effects of orography and surface conditions can be used to force two-dimensional models of polynya dynamics and thermodynamics. Fast ice and pack ice need to be distinguished from each other. Because tidal currents are strong in Storfjorden, water current stress on the ice should be included in the polynya model. Finally, future work is merited in implementing the polynya dynamics and thermodynamics in coupled atmosphere-ice-ocean grid models to simulate ice growth and brine rejection, including the effects of imposed and responding ocean circulation.
The mixing at the interface between the dense overflow plume and the ambient water is governed mainly by shearinduced internal mixing mechanisms, and salient characteristics derived from conventional CTD profiles [Fer et al., 2004] can be related to elevated geostrophic shear.
The influence from higher frequency variability, such as tides, is not captured with geostrophy. The magnitude of tidal velocities estimated in Storfjordrenna ] is comparable to the derived geostrophic velocity, which will raise uncertainties in snapshot calculations of volume transport. Although time-dependent fluctuations will affect the instantaneous total mass and scalar flux, their contribution to the mean fluxes can be negligible. Transport calculations through sections B and C are consistent, suggesting little tidal aliasing. To evaluate the effect of high-frequency variability on the overflow, we modeled a section (not presented) south of section B (between sections B and C) to be occupied repeatedly for three times within 30 h. The apparent variability is observed to be confined to the deepest parts of the section, where the dense water is regarded as remnants. Within the overflow, the greatest variabilities were up to 25% and 30% in geostrophic velocity and the corresponding transport estimates, respectively, whereas other section-averaged properties were constant within 8%.
The overflow observed in August is the likely source of the plume detected in deep Fram Strait in September 2002 recently reported by Schauer et al. [2003] . These observations credit Storfjorden as a source for ventilating the deep ocean. The mixing of the plume determines the ultimate depth where the dense water interleaves the bottom boundary and merits further studies.
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